ABSTRACT. Ligand stabilization can influence the surface chemistry of Cu oxide nanoparticles (NPs) and provide unique product distributions for electrocatalytic methanol (MeOH) oxidation and CO 2 reduction reactions. Oleic acid (OA) stabilized Cu 2 O and CuO NPs promote the MeOH oxidation reaction with 88% and99.97% selective HCOH formation, respectively. Alternatively, CO 2 is the only reaction product detected for bulk Cu oxides and Cu oxide NPs with no ligands or weakly interacting ligands. We also demonstrate that OA stabilized Cu oxide NPs can reduce CO 2 into CO with a ~1.7-fold increase in CO / H 2 production ratios compared to bulk Cu oxides. The OA stabilized Cu oxide NPs also show 7.6 and 9.1-fold increases in CO / H 2 production ratios compared to weakly stabilized Published J. Phys. Chem. Lett., Vol 2, pgs [2038][2039][2040][2041][2042][2043] 2011 and non-stabilized Cu oxide NPs, respectively. Our data illustrates that the presence and type of surface ligand can substantially influence the catalytic product selectivity of Cu oxide NPs.
Organic ligands are commonly used as stabilizing agents during the synthesis of nanoparticles (NPs), [1] [2] [3] but little is known about their effect on the NP reactivity. Relative change to a particular catalytic rate is a common metric for describing ligand effects and any changes are typically attributed to surface coverage considerations or control over the NP size. [4] [5] [6] A few reports have considered that ligands could play a more active role in dynamic control over NP aggregation, 7 charge transfer with the NP surface, 8, 9 influence over support interactions, 10 or control over reactant access to the NP surface. 11 Along these lines, one could also consider a situation where stabilization of particular reactive sites or surface structures may influence both catalytic activity and product selectivity.
Metal oxide NPs are an interesting platform to study ligand influenced electrocatalysis because their surface composition and oxidation state can influence reactivity and product selectivity towards reactions such as methanol (MeOH) oxidation 12 and CO 2 reduction. 13, 14 We have used MeOH oxidation as a model reaction to investigate the product selectivity of a variety of bulk and nanoparticulate copper oxides. Oleic acid (OA) stabilized Cu oxide NPs promote the highly selective formation of HCOH, Published J. Phys. Chem. Lett., Vol 2, pgs 2038-2043, 2011 whereas CO 2 was the only reaction product detected for bulk Cu oxides and Cu oxide NPs with no ligands or weakly interacting ligands. While the six-electron oxidation of MeOH into CO 2 is an important reaction for fuel cell applications, 15 our observation of highly selective HCOH formation is an interesting demonstration of ligand influenced surface chemistry. Moreover, selective HCOH formation has practical applications because annual HCOH consumption exceeds 25 million tons. 16 In addition to MeOH oxidation, the electrochemical reduction of CO 2 has also been used to investigate the influence of ligands on Cu oxide NP reactivity and selectivity. The conversion of CO 2 into value added products has positive implications in carbon management technologies 17, 18 and could serve as an important resource for the production of industrial chemicals. 19, 20 Additionally, CO 2 reduction at Cu electrodes is an interesting reaction to study because the nature of active sites and role of surface oxides is still under debate. 13, 14 We find that OA stabilized Cu oxide NPs convert CO 2 into CO with reduced H 2 evolution compared to bulk Cu oxides and Cu oxide NPs with no ligands or weakly interacting ligands. Specifically, OA stabilized Cu oxide NPs improve CO / H 2 production ratios by factors of ~1.7 compared to bulk Cu oxides and by factors of 7.6 and 9.1 compared to weakly or nonstabilized Cu oxide NPs, respectively. Our data indicates that OA ligands influence product selectivity for both the MeOH oxidation and CO 2 reduction reactions by sustaining reactive sites on the NP surface during the application of anodic or cathodic electrochemical potentials.
Pt-based electrocatalysts are the state-of-the-art material for MeOH oxidation applications because they demonstrate high catalytic activities and low onset potentials. 15 However, the high cost of Pt-based materials has motivated ongoing research into the use of alternative metals. 12, [21] [22] [23] [24] Electron microscopy and Raman spectroscopy of OA stabilized Cu oxide NPs (OA-Cu 2 O and OA-CuO) are presented in Figure 1 , and X-ray photoelectron spectroscopy provides stoichiometric Cu/O atomic ratios that corroborate the Raman-based oxidation state assignments (Fig. S2) . FTIR absorbance spectroscopy indicates that OA is attached to the NP surface in a bidentate configuration via covalent OCu bonds (Fig. S3 ), 25 and Scherrer equation calculations from X-ray diffraction patterns provide NP sizes within the standard deviation of those estimated from electron microscopy ( contained particles ranging from 2m to 50 m as determined by scanning electron microscopy. The Cu oxide samples were dispersed in a 1:1 mass ratio with Vulcan XC-72R carbon black (CB) for electrochemical experiments, and cyclic voltammetry (CV) indicated that the NP surfaces were electrochemically accessible in a variety of aqueous solutions (Figs. S5S7).
Figure 1.
Representative scanning transmission electron microscope images and particle size distributions of the oleic acid (OA) stabilized (a) CuO and (b) Cu 2 O nanoparticles (NPs) (c) Raman scattering spectra of bulk Cu oxides and OA stabilized Cu oxide NPs; the spectra are scaled and offset to emphasize peak positions, and peak assignments can be found in Figure S1 in the Supporting Information.
Alkaline electrolytes are a convenient medium to study MeOH oxidation because they typically demonstrate lower onset potentials than acidic solutions, 15 allowing one to study this reaction on a wide variety of catalyst materials. proceeds with diffusion limited behavior (inset Fig. 2a ). 26 Figure 2b shows MeOH oxidation curves for OA-stabilized Cu oxide NPs, bulk Cu oxides, bulk Cu foil and CB support. OA-CuO NPs show the highest mass activity and least anodic onset potential of all the catalyst materials considered, and similar results are found when the current is normalized to the electrochemical surface area (ECSA) of each catalyst (Fig. S8) ). 27, 28 Each catalyst was held at a potential of 1.9 V for 1 hour in N 2 saturated 0.1 M NaOH + 1M MeOH in a sealed two compartment H-type cell and the products were analyzed using gas chromatography (GC).
We found that bulk Cu foil produces CO 2 (7.76 ± 0.02 × 10 The PVP-Cu 2 O NPs and non-stabilized CuO NPs do not display the product selectivity observed for OA stabilized Cu oxide NPs. In fact, CO 2 was the only MeOH oxidation product found within our detection limits (Table S1 ). oxide/hydroxide layer formation occurs for the bulk Cu oxide materials (Fig. S5) and PVP-Cu 2 O NPs (Fig. S9) . The non-stabilized CuO NPs show signs of dissolution after repeated cycling through anodic potentials so mixed layer formation cannot be determined unambiguously (Fig. S9) . In comparison, mixed oxide/hydroxide layer formation is suppressed at the OA stabilized Cu oxide NPs. Au electrodes are also known to oxidize alcohols into their corresponding aldehydes. 31 However, it is interesting that HCOH was only formed at the OA stabilized NPs because it demonstrates ligand influenced surface chemistry. The selective HCOH production and inhibited mixed oxide/hydroxide layer formation observed for the OA-stabilized NPs, but not the other NP samples, rules out size-related product selectivity. Rather, these results indicate that the oleic acid ligands prevent the formation of a mixed oxide/hydroxide layer, protect the NP from dissolution at anodic potentials, and sustain the reactive sites needed for HCOH formation. We have also investigated the role that ligands play in the CO 2 reduction reaction. The use of Cu electrodes to reduce CO 2 in aqueous systems has been studied previously, 13, 14 yet competitive H 2 evolution remains a barrier for advancing this technology and specifics concerning the active sites and reaction mechanisms are still debated. Others have reported CO 2 reduction at oxidized Cu foils, [36] [37] [38] [39] Zn supported Cu oxide particles (~33100 nm), 40 and carbon supported submicron Cu 2 O cubes, 41 but the role of the oxide remains unclear. In fact, the presence of oxides on Cu electrodes has been suggested by various authors to either inhibit the adsorption of poisoning species, Figure   S11 . (b) CO 2 reduction polarization curves for CB supported Cu oxide materials, bulk Cu foil, and CB support; similar results are found when the current was normalized to the ECSA (Fig. S8) . (c) Product formation rates after 1 hour of CO 2 reduction at -0.9 V; error bars are from 3 individual runs.
Each catalyst was held at a potential of -0.9 V (vs. RHE) for 1 hour in CO 2 saturated 0.1M KHCO 3 in a sealed two compartment H-type cell and reaction products were analyzed by GC, mass spectrometry and ion chromatography. Previously reported CO 2 reduction products can vary depending on Published J. Phys. Chem. Lett., Vol 2, pgs 2038-2043, 2011 experimental conditions, but HCOOH, H 2 and CO are commonly observed species. In our specific case we find that the bulk Cu foil reproducibly forms HCOOH, H 2 and CO at 0.03 ± 0.01, 9.5 ± 0.1×10 , respectively, which is within the range of values previously reported by Hori and others. 13, 14 The Cu oxide materials, as a whole, are more selective, with CO and H 2 being the only reaction products detected (Fig. 3c and Table S1 ). The overall CO and H 2 formation rates for the bulk Cu oxides are comparable to previous experiments conducted at similar potentials in KHCO 3 . 14 Likewise, CO and H 2 are the only products observed for PVP-Cu 2 O NPs and non-stabilized CuO NPs (Table S1 ). In the absence of a catalyst (only CB support), mostly H 2 (7.3 ± 0.5 mmol g ) are found as CO 2 reduction products, and the product formation rates reported in Figure 3c and Table S1 are corrected for the CB support. CEs for the Cu oxides are approximately 3-5%, signifying competitive reduction of some fraction of the catalyst surface.
We have used the ratio of CO and H 2 production rates as a performance metric to quantify catalytic activity and product selectivity (Table S1 ). OA-Cu 2 O NPs and OA-CuO NPs both demonstrate a ~1.7-fold increase in CO / H 2 production ratios over bulk materials and 7.6 and 9.1-fold increases over PVPCu 2 O NPs and non-stabilized CuO NPs, respectively. Overall, the highest CO formation selectivity is shown by the OA-CuO NPs at 61%, with a balance of 39% H 2 . In comparison, 40 non-ligand stabilized, Zn supported Cu oxide particles (33-100 nm) are reported to produce CH 4 and C 2 H 4 at 57 % selectivity, along with H 2 , CO and HCOOH at ~25% selectivity, although direct comparison to our system is difficult due to different reaction conditions. CO formation is thought to be one of the first steps in the electrochemical reduction of CO 2, 13, 14 and the reduction of CO 2 at Cu oxide electrodes has been suggested to proceed at sites containing adjacent Cu and O surface sites. 38, 40 This specific surface structure is thought to promote CO 2 reduction by providing adsorption sites for CO 2 (Fig. S12) 
groups on the OA-CuO NP surface. FTIR spectroscopy confirms OA attachment to the OA-CuO NP surface in a bidentate configuration after 100 CO 2 reduction cycles between 0.6 V and .2 V (Fig.   S10 ), which further indicates retention of OCu surface bonds during CO 2 reduction. The higher CO 2 → CO selectivity of OA-CuO NPs likely occurs because the OA ligands sustain reactive surface oxide sites that promote CO 2 adsorption and conversion into CO. In situ Raman results are less conclusive for the OA-Cu 2 O NPs (Fig. S12) , but FTIR absorbance spectroscopy indicates retention of covalent OCu bonds between the NP surface and OA ligand during the CO 2 reduction reaction (Fig. S10) Table S1 : MeOH oxidation and CO 2 reduction product distributions for the Cu oxide catalysts (page S17).
Supporting Information References (pages S18 -S21).
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Experimental Details NP synthesis. Oleic acid (OA) stabilized Cu 2 O and CuO nanoparticles (NPs) were synthesized similar to a previously published method. 1 Briefly, Cu (I) acetate (precursor), oleic acid (organic ligand) and trioctylamine (reducing agent) were heated under flowing N 2 past the precursor decomposition temperature to induce NP nucleation and growth. After ~20 minutes at 300 o C the mixture became a dark burgundy color, and the reaction was allowed to continue for another 30 minutes until the mixture because very viscous. The different oxidation states were produced by varying the relative amounts of oleic acid and trioctylamine and in the reaction vessel. The particles were purified through repeated sonication/centrifugation cycles in ethanol, and then finally suspended in methanol for future experiments.
Non-ligand stabilized CuO NPs were synthesized by the so called "quick precipitation" method. Physical Characterization. Scanning transmission electron microscopy and scanning electron microscopy were performed on Hitachi S-5500 and FEI Quantum 600F microscopes, respectively. Raman spectra were collected with a Nicolet Almega dispersive Raman spectrometer with a confocal microscope attachment and a 532 nm excitation source. Fourier transform infrared (FTIR) absorption spectra were collected on a Nicolet 7600 spectrometer, and X-ray diffraction (XRD) patterns were collected with on a Phillips MRD Pro Powder diffractometer in a 1 o glancing angle geometry. X-ray photoelectron spectroscopy (XPS) was conducted with a PHI 5600ci spectrometer employing Al Kα X-rays; an electron flood gun was used to neutralize surface charging of the samples, 1 and all XPS binding energies were corrected to the carbon C1s peak at 284.6 eV.
Preparation of Carbon Black-Supported Catalysts. Commercially available bulk Cu 2 O (99.9%) and CuO (99.99%) powders (2 m 50 m diameter) and Cu oxide NPs were mixed with commercially available XC-72R carbon black (CB) to a loading of 50% Cu oxide by mass. The Cu oxide and CB were dispersed in MeOH by the addition of a small amount (5% total volume) of commercially available 5% Nafion solution followed by thorough sonication. The S3 final dispersions contained 0. g/L of the particular Cu oxide catalyst and 0. g/L of the CB support.
Electrochemistry. Glassy carbon (GC) electrodes were thoroughly polished with 0.05 m alumina powder and then sequentially sonicated in methanol and ultrapure deionized water (> 18.0 M). 30 L of the CB/Cu oxide catalyst dispersion was deposited onto the GC electrode in 10 L increments and allowed to dry in air. Bulk Cu experiments were performed with a Cufoil (99.98%) that was scoured with 600 grit sandpaper, rinsed with ultrapure water, and used without any further preparation. Ultrapure deionized water was used to clean all glassware and prepare all electrolyte solutions.
Cyclic voltammetry (CV) and controlled potential electrolysis measurements were performed with a BioLogic SP-150 potentiostat using a Pt-wire counter electrode and a Ag/AgCl (3.0 M NaCl) reference electrode calibrated to the reversible hydrogen electrode (RHE) scale with a commercially available Hydroflex hydrogen reference electrode; E 0 (RHE) = 0.000 -0.059*pH. 4 CV studies of the MeOH oxidation and CO 2 reduction reaction were conducted in a standard single-chamber cell in N 2 or CO 2 saturated solutions under a N 2 or CO 2 atmosphere without stirring the solution. All reported plots are stabilized unless specified otherwise, i.e. the scans were repeated until no change in the CV was observed (typically 20 scans), and polarization curves presented in the main text were taken from stabilized CVs.
Controlled potential MeOH oxidation reactions were performed in a sealed two-compartment H-type cell separated by a 0.1778 mm (0.007 inch) thick Nafion 117 membrane. The compartment housing the working and reference electrodes contained N 2 saturated 1.0 M MeOH + 0.1 M NaOH and the compartment housing the counter electrode contained N 2 saturated 0.1 M NaOH. A potential of 1.9 V (vs. RHE) was applied to the working electrode while a magnetic stirrer prevented the accumulation of bubbles at the electrode surface; a consistent stirring speed was used for all experiments. After applying 1.9 V (vs. RHE) for one hour, the products were analyzed using a gas chromatogram (GC) equipped with both FID and TCD detectors. The reported production rates are the average of at least three runs with individually prepared electrodes. CO 2 reduction reactions were performed in a nearly identical manner as described above, except both compartments of the H-type cell were filled with 0.1M KHCO 3 . The solution in the working electrode compartment was saturated with CO 2 and the counter electrode compartment solution was saturated with N 2 . A voltage of 0.9 V (vs. RHE) was applied to the working electrode while a magnetic stirrer prevented the accumulation of bubbles at the electrode surface; a consistent stirring speed was used for all experiments. After applying 0.9 V (vs. RHE) for one hour, the products were analyzed using GC, GC coupled to a mass spectrometer and ion chromatography. The reported production rates are the average of at least three runs with individually prepared electrodes.
The electrochemical surface area (ECSA) was estimated from CV in NaOH and KHCO 3 (Figs. S5 and S6) . 5 In KHCO 3 we used the average charge (integrated peak area) associated with both the Cu for polycrystalline Pt and Au, respectively. 5 We note here that ECSA determination via the H ads/des technique, as is common with Pt-group metals, was not appropriate for our materials due to Cu redox features in the H ads/des regions in acidic solutions (Fig. S7) . Unlike Pt-based materials, there is a certain degree of uncertainty in the experimental determination of ECSA for first row transition metals because of the assumption that all redox active sites are located on the surface. Accordingly, we have chosen to present our results with respect to the mass normalized current "j m " (mass activity), however, we present the ECSA-normalized current, "j A " (current density) as a comparison in Figure S8 . However, the OA-CuO NP peaks are shifted towards lower wavenumbers and somewhat broadened due to their reduced dimensionality. 8 The Cu 2 O samples also share similar spectral features with a bulk Cu 2 O peak at 626 cm -1 corresponding to the F 1 u mode of Cu 2 O, two peaks corresponding to multiphonon processes at 500 and 407 cm -1 , a peak at ~290 cm -1 corresponding to the A 2 u mode, and a peak at ~220 cm -1 that contains the 2E u and two fundamental resonance modes. peaks in the fitted Cu 2p 3/2 feature and a higher energy satellite 10 were seen in all of the Cu oxide samples. These are typical features of Cu oxides exposed to air and can be attributed to a thin surface layer of CuO. 10, 12 The Cu/O ratios were calculated to be 1.5 and 0.82 for the OA-Cu 2 O and OA-CuO NPs. The lower Cu/O ratio could be due to the reduced size (increased surface area) of the NPs, or the attachment of the oleic acid ligands to the NP surface via O-Cu bonds (see Fig. S3 for further details). In N 2 saturated 0.1 M NaOH a feature between ~0.9 V and 1.4 V (vs. RHE) corresponds to the formation of a mixed oxide/hydroxide layer on the bulk Cu oxides. 15 This process was severely attenuated for the OA stabilized Cu oxide NPs, indicating that the formation of a mixed oxide/hydroxide layer was suppressed by the OA ligands attached to the NP surface. (Fig. S5) . This behavior indicates that the weak C=O and C-N coordination bonds that attach PVP to the Cu 2 O NP surface 16 are not sufficient to prevent the formation of the mixed oxide/hydroxide layer. On the other hand, the non-ligand stabilized CuO NPs appear to dissolve when cycled through anodic potentials in NaOH (panel c; brown traces). Specifically, the non-ligand CuO NPs eventually lost characteristic redox peaks during CV experiments and we could detect Cu n+ ions in solution using a freshly cleaned and polished glassy carbon working electrode. Figure S10 . FTIR absorbance spectra of (a) OA-CuO NPs and (b) OA-Cu 2 O before and after 100 MeOH oxidation and CO 2 reduction cycles. The plots also contain spectra of free oleic acid (blue dashed curve) to show the difference in peak locations; the spectra have been scaled and offset for comparison.
We find characteristic peaks for surface bound OA after 100 cycles of MeOH oxidation and CO 2 reduction; please see Fig. S3 for details on peak identification. The persistence of these surface bound OA peaks indicates that the ligands remain covalently bound to the NP system during electrocatalytic reactions. redox region of the OA-CuO NPs. Decreased mass activity at potentials towards more cathodic potentials in CO 2 saturated solutions is common for Cu-based metals, and it has been attributed to reduced H 2 production due to CO 2 adsorption. Figure S12 . Raman spectra of catalyst materials in air (thick lower curves) and during the application of -0.9 V (vs. RHE) in CO 2 saturated 0.1 M KHCO 3 (thin upper curves); spectra have been normalized and offset.
The OA-CuO NPs retain an apparent oxide peak during the application of -0.9 V (vs. RHE) in CO 2 saturated 0.1 M KHCO 3 , indicating the OA ligands sustain some fraction of oxide groups on the NP surface despite the cathodic potential. However, during the application of -0.9V the other bulk and nanoparticulate materials develop a sloped and relatively featureless spectrum comparable to that of bulk Cu foil. The OA-Cu 2 O NP results are less clear, and we are not able to unambiguously determine if oxide-related peaks are retained during the application of -0.9 V. However, FTIR absorbance spectroscopy indicates retention of OA ligands after CO 2 reduction reactions (Fig. S10) , indicating retention of some fraction of covalent O-Cu bonds at the NP surface. 
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